Background: Chronic pain is a significant problem for many individuals following spinal cord injury (SCI). Unfortunately, SCI-related neuropathic pain has proven to be largely refractory to analgesic medications and other available treatments. Cranial electrotherapy stimulation (CES) has been effective in managing some types of pain. It involves the application of a small amount of current through the head via ear clip electrodes. Objective: Explore the effectiveness of CES for neuropathic pain in persons with SCI and chronic pain. Study design: Multi-site, double-blind, sham-controlled study. Participants: Adults with SCI and chronic neuropathic pain at or below the level of injury were randomized to receive active or sham CES. Intervention: Application of active CES or sham CES 1 hour daily for 21 days. Six-month open-label phase to assess 'as-needed' CES use. Outcome measures: Change in pre-to post-session pain ratings as well as change in pain intensity, pain interference, pain quality, pain beliefs and coping strategies, general physical and mental health status, depressive symptomatology, perceived stress, and anxiety pre-to post-treatment. Results: The active group reported a significantly greater average decrease in pain during daily treatments than the sham group (Kruskal-Wallis chi-square = 4.70, P < 0.05). During the 21-day trial, there was a significant group × time interaction for only one outcome variable; the active group showed larger pre-to post-treatment decreases in pain interference than the sham group did (F = 8.50, P < 0.01, d = 0.59). Conclusions: On average, CES appears to have provided a small but statistically significant improvement in pain intensity and pain interference with few troublesome side effects. Individual results varied from no pain relief to a great deal of relief.
Introduction
Chronic pain is a significant problem for many individuals following spinal cord injury (SCI) and may have a major impact on their function and quality of life. 1 For example, Nepomuceno et al. 2 reported that 80% of 200 persons with SCI reported abnormal sensations and 48% reported sensations that were painful. Turner et al. 3 similarly found that 79% of 384 persons with SCI experienced pain. Sixty-one percent reported bilateral pain below the level of injury, 41% reported pain above the injury, and 50% reported pain at the level of injury. Rintala et al. 4 reported that 75% of 77 men with SCI reported chronic pain and more than 25% of these had more than one chronic pain component. These investigators also noted that the presence of chronic pain was associated with more depressive symptoms, more perceived stress, and poorer self-assessed health. In reviewing eight recent studies, Siddall and Loeser 5 calculated that, when averaging across the studies, 65% of persons with SCI report having pain.
Many persons with SCI and chronic pain report that their pain is severe. For example, 25% of the sample in the study by Nepomuceno et al. 2 reported their pain to be severe or extreme and 44% stated that it had increased over time. In the Siddall and Loeser review 5 mentioned above, across all eight studies, an average of nearly one-third rated their pain as severe. The average pain intensity ratings provided by participants in a study by Widerstrom-Noga et al. 6 was 5.6 on a 0-10 scale.
Pain in persons with SCI has been treated with a large number of biomedical and psychosocial interventions. However, the efficacy of these treatments has remained largely inconclusive and SCI-related pain has proven to be largely refractory to treatment. For example, Nepomuceno et al. 2 reported that 38% of those with pain used medications to relieve the pain, but only 22% reported that they obtained consistent pain relief through the use of analgesics. Turner et al. 3 found that less than half of their sample had ever used opioids for pain, even though opioids were the only treatment included on the checklist other than implanted morphine pump with an average perceived effectiveness rating greater than 3 out of a maximum of 5. Gabapentin was not included on the checklist, but was added by 14 respondents (4.6% of the 304 participants with pain; mean helpfulness = 3.21). Alternative treatments that were not included in the checklist, but were written in by the survey respondents, included massage (n = 16, mean helpfulness = 3.63), acupuncture (n = 11, mean helpfulness = 3.09), and marijuana (n = 8, mean helpfulness = 4.38). The prevalence of use of these added treatments cannot be ascertained from these findings since it is possible that not everyone who had used them wrote them in.
More recent reviews of the evidence for pharmacological intervention for SCI neuropathic pain 7, 8 reveal a significant number of publications over the past 10 years suggesting efficacy for a variety of agents. The strongest evidence appears to exist for the use of pregabalin in a study by Siddall et al. 9 On average, the group who received pregabalin reported a nearly two-point decrease in pain ratings on a 0-10 numeric rating scale, whereas the placebo group reported an average decrease of less than half a point. Furthermore, about 42% of patients who received pregabalin reported substantial (>30%) relief compared to only 16% for those on placebo.
Cranial electrotherapy stimulation (CES): CES is a non-traditional therapy involving the application of a small amount of current, usually less than 1 mA, through the head via ear clip electrodes. The analgesic action of subperception CES has been demonstrated in various anti-nociception models. [10] [11] [12] Extracellular recording techniques indicated that CES modifies noxious evoked responses in pain-processing regions of the brains of rats. 13, 14 In humans, the mechanism of action of CES is not fully understood; however, it has been shown to 'normalize' neurotransmitter homeostasis, 15 stimulate the hypothalamic-pituitary axis by increasing IGF-1 production (R. B. Smith and C. A. Ryser, 'The use of CES in anti-aging medicine: Great things we learn when research goes wrong,' presented at the International Oxidative Medicine Association meeting, Westminster, CO, 18 March 2000) , bring neurotransmitters in stressed participants back to normal levels of homeostasis (M. S. Gold, A. L. Pottash, Sternbach, Barbaban, and Asunitto, 'Anti-withdrawal effect of alpha methyl dopa and cranial electrotherapy,' presented at the Society for Neuroscience meeting, Minneapolis, MN, 31 October 1982), and increase beta-endorphins in patients with chronic back pain. 16 CES has been found to be effective in controlling anxiety, depression, insomnia, and generalized stress. 17 A study by Capel et al. 18 found that the intensity of pain of mixed types decreased significantly more in 15 participants with SCI who received active CES treatment twice a day for 2 hours for each of 4 consecutive days compared to 15 participants who received sham CES for the same amount of time. To further explore the use of CES in persons with SCI, we conducted a double-blind, sham-controlled, pilot study in [2002] [2003] in which 38 veterans with SCI with neuropathic or musculoskeletal pain were randomly assigned to either CES (n = 18) or sham CES (n = 20). 19 They were trained to self-administer the CES treatment at home and to complete pain ratings on a 0-10 scale immediately before and after each treatment session. The treatment group received 1 hour per day of 100 μA sub-sensation CES for a total of three consecutive weeks (21 days). The control group received sham CES for the same amount of time. After completion of the treatment, participants in the control group were offered an open-label use of the active device for 21 days. They again completed pain ratings before and after each daily session. The average change in pain on a scale from 0 to 10 from before to after each session across the 21 days was −0.73 (SD = 1.15) points for the active CES treatment group and −0.08 (SD = 0.38) points for the sham treatment group. This was a significant difference (t separate = 2.27, P < 0.05, Cohen's d effect size = 0.76). Furthermore, 17 of the 20 participants from the group that originally had the sham treatment chose to participate in the subsequent open-label phase, and they reported a small but statistically significant pre-to post-session decrease in pain intensity (mean before = 5.97, mean after = 5.51, t = 3.47, P < 0.01). The participants in both groups also completed the Brief Pain Inventory (BPI) adapted for persons with disabilities 20 before and after the 21-day treatment phase. The group who received the active CES treatment reported a significant decrease in pain interference ( pre-and post-treatment BPI interference scores = 58.89 and 44.33 (SDs = 26.93 and 31.18, respectively); t = 3.31, P < 0.01). However, there was no significant change in pain interference for the group who received sham CES ( pre-and post-BPI interferences scores = 53.10 and 48.40, respectively, (SDs = 27.88 and 28.03, respectively); t = 1.22, P > 0.20), a reduction of 4.7 points.
Building upon these pilot findings, a multisite study, funded by the Veterans Affairs Rehabilitation Research and Development Service, involving four Veterans Affairs medical facilities and one private rehabilitation center was conducted from 2004 to 2008. This paper reports the outcomes of that study. Approval of the study was obtained from the Institutional Review Board for Baylor College of Medicine and Affiliated Hospitals, the Office of the Institutional Review Board for Human Use at the University of Alabama at Birmingham, the Edward Hines, Jr. Veterans Affairs Hospital and North Chicago Veterans Affairs Medical Center Institutional Review Board, and the Louis Stokes Cleveland Veterans Affairs Medical Center Institutional Review Board.
The primary hypothesis of the study was that active CES will significantly reduce pain intensity more than sham CES from before to after the daily treatment sessions. The secondary hypotheses were that from before to after the 21-day trial: (1) active CES will significantly reduce pain intensity and pain interference as well as significantly impact pain quality, pain beliefs, and pain coping strategies more than sham CES and (2) active CES will significantly reduce health-related disability and psychological distress (depressive symptomatology, stress, and anxiety) more than sham CES.
The study was also designed to answer the following questions in secondary analyses: (1) what side effects, if any, will the participants in the active and sham CES conditions experience? and (2) what proportion of the participants will elect to participate in a longterm (6-month) open-label phase following initial short-term (21 days) use of active CES? For participants in the long-term component, we also wanted to determine: (1) how long and how frequently will they use the device during the 6-month phase and what problems will they encounter with the device? and (2) how satisfied will the participants be with CES and would they plan to continue to use CES if they could keep the device longer?
Method Design
This was a multi-site, double-blind, sham-controlled study. Candidates who met the inclusion and exclusion criteria were randomly assigned to receive active CES treatment or sham CES treatment. The sample size was determined by using Statistica95 software to ensure adequate power for testing the primary hypothesis based on the findings from our pilot study. Specifically, 64 subjects for the active CES treatment group and 64 subjects for the sham CES treatment group were required to test our primary hypothesis regarding average change in pain ratings from before to after the 21 daily sessions. This sample size was based on the following assumptions: a mean change of 0.05 in the sham group and 0.37 in the active CES group, a SD of 0.65, an effect size of 0.50, an alpha of 0.05, and power of 0.8. Thus, a total of 128 participants who complete the study were required. Allowing for 25% attrition, 172 participants were to be recruited.
Outcome measures
Measures consisted of a demographic data sheet, as well as measures assessing pain intensity and pain interference (Pain Intensity and Pain Interference Subscales of the BPI adapted for persons with disability 20 Epidemiologic Studies-Depression scale (CES-D-10), 26 10-item Perceived Stress Scale (PSS-10), 27 and the Short-Form State-Trait Anxiety Inventory (SF-STAI-6) 28 ).
Equipment
The CES equipment used in this study was the Alpha-Stim SCS (Electromedical Products International Inc., Mineral Wells, TX, USA), which is a prescription medical technology that is FDA approved for the management of pain, anxiety, depression, and insomnia.
Participants
Inclusion criteria: Participants had to be at least 18 years old, have a SCI (any level and any degree of completeness) that had occurred at least 6 months prior to study entry. They had to report at least one chronic (at least 6-months duration) pain component at or below the level of injury which was classified as primarily neuropathic pain and was rated as at least a 5 on a pain intensity scale ranging from 0 to 10. Exclusion criteria: Potential participants were excluded if they had an active substance abuse problem that would interfere with participation, a serious psychological or psychiatric disorder, or an implanted electrical device.
Recruitment: Persons with SCI who met the inclusion and exclusion criteria were recruited from four treatment sites with access to a large number of persons with SCI -Michael E. DeBakey Veterans Affairs Medical Center in Houston, Texas; Spain Rehabilitation Center at the University of Alabama at Birmingham in collaboration with the Birmingham Veterans Affairs Medical Center; Edward J. Hines, Jr. Veterans Affairs Hospital in Hines, Illinois; and Louis Stokes Veterans Affairs Medical Center in Cleveland, Ohio. The investigators at each site recruited potential candidates in person when a candidate was seen as a patient, through Institutional Review Board (IRB)-approved flyers placed at the various sites, or by telephone for persons who gave their consent in an earlier study to be contacted for future research projects. Prior to contacting potential candidates by telephone, a letter was sent that briefly explained the project. The consent form and copies of the study questionnaires (see below) were included to allow the person to make an informed decision about participating. The research coordinator explained the study to the potential candidates. Those interested in participating, who met the study criteria, signed an IRB-approved consent form. An investigator at each site determined whether the candidate had neuropathic pain at or below the level of injury based on responses to the Modified (Self-report) Leeds Neuropathic Symptoms and Signs Scale (S-LANSS) 29 and other clinical questions.
Procedure
Once the potential study participant was found to meet all inclusion criteria, he or she was randomly assigned to either a control group (sham CES) or a treatment group (active CES). The equipment was set up for a double-blind study by the manufacturer such that the participants could not differentiate active from sham CES devices. Research staff members who interacted with the participants (e.g. recruited and trained participants, administered questionnaires, followed up by telephone) did not know which devices were sham and which were active. Randomization was achieved by selecting a device from a box initially containing equal numbers of active and sham devices.
The research coordinators provided training on the use of the device and administered the pre-intervention packet of questionnaires at their respective medical centers. Alternatively, for participants who could not easily come to the medical center, they administered the packet of questionnaires by telephone and mailed the CES device, a training video (DVD or videotape as desired by the participant), instruction sheets, and forms to the participant and contacted the participant by telephone to be sure the procedure was clearly understood. They instructed the participant to use the device at home for the next 21 days and to use the Daily Pain Rating Sheet to monitor the intensity of their at-or below-level neuropathic pain immediately before and after each treatment session. Persons in the treatment group received 1 hour per day of 100 μA sub-sensation active CES. Those in the control group received sham CES for the same amount of time. The research coordinator telephoned each participant weekly during the three-week period to assure that the participant was complying with the protocol and to identify any problems and side effects.
After the 21 days, the participant returned the device to the medical center and completed a packet of postintervention questionnaires. If the participant was unable to come to the medical center on the 22nd day, the research coordinator completed the post-intervention questionnaire by telephone. The research coordinator then checked with the person who had the code indicating which devices were active and which were shams to determine to which group the participant had been assigned. Those in the sham group were given the opportunity to try an active device (openlabel) for three more weeks. Participants who decided to use the open-label device were instructed to again complete the daily pain ratings immediately before and after each session. Unlike the blinded phase, in which the current was pre-set to a sub-threshold level of 100 μA, during the open-label phase of the study, participants were able to select the current setting ranging from 1 to 5 (100-500 μA). The selected current setting for each session was recorded on the daily pain rating sheet. After the 21-day open-label phase, the participants returned the device and completed a second set of post-intervention questionnaires. Participants, who completed the 21-day active treatment, either initially or in the open-label phase for the sham group, were given the opportunity to participate in a 6-month open-label phase of the study. Persons who elected to do so were instructed to use the device whenever they wished. They were not required to use the device everyday. However, they were asked to complete a Pain Rating Sheet before and after each session, indicating the date of each session. The research coordinator contacted them by telephone monthly to identify and correct problems. At the end of 3 and 6 months, they completed a set of questionnaires similar to those previously administered as well as an additional questionnaire designed to determine their perceptions of the device. Participants received $25 each time for completing questionnaire packets at intake, post-initial treatment, and post-3-week-open-label treatment (if applicable) and $10 each time for completing questionnaire packets at 3 and 6 months during the long-term phase.
Data analysis
Descriptive statistics were obtained for characteristics of the sample and outcome measures including mean, SD, range and skewness for continuous variables, and frequency and percentage for categorical variables. Chi-square analyses and t-tests were used to compare the active and sham groups on these measures.
The primary hypothesis (active CES will significantly reduce pain intensity more than sham CES from before to after the daily treatment sessions) was tested using a non-parametric Kruskal-Wallis analysis of variance (ANOVA). A non-parametric test was required because the average change in pain from before to after daily treatment sessions was substantially skewed (skewness = −1.87). The dependent variable was average change in pain from before to after daily treatment sessions and the independent variable was treatment group (active or sham). Paired t-tests were also performed to determine change within each treatment group from before to after treatment.
The secondary hypotheses regarding the effect of active CES, relative to sham CES, on pain intensity, pain interference, pain quality, pain beliefs, and pain coping strategies were tested using a series of repeated measures ANOVA, with the dependent variables being the Pain Intensity and Interference subscales of the BPI, the Pain subscale of the SF-36, the Paroxysmal, Deep, and Surface subscales of the PQAS, and the Maladaptive and Adaptive Coping subscales of the Two-Item Measures of Pain Beliefs and Coping Strategies. The independent variables were treatment group, time (before or after treatment), and a product representing the group × time interaction effect. Paired t-tests were performed to determine change within groups if there was a significant group × time interaction.
The secondary hypotheses regarding the effect of active CES, relative to sham CES, on health-related disability and psychological distress were tested using the same methods that were used to test the secondary hypotheses concerning pain, except that in these analyses, the dependent variables were health-related quality of life (SF-12 PCS and MCS), depressive symptomatology (CES-D-10), perceived stress (PSS-10), and state anxiety (SF-STAI-6). The results of all secondary analyses were considered preliminary because of the large number of analyses and associated risk for Type I error.
Bivariate correlations and chi-square analyses were used to identify predictors of participation in the 6-month phase. Potential predictors included age, race/ethnicity, initial assignment to active or sham treatment groups, baseline and pre-long-term phase pain intensity, change in pain during the 21-day active CES trial and mental and physical health measures. Change across time (baseline, after active CES, after 3 and 6 months in the long-term phase) in average pain intensity as measured by the BPI was assessed with repeatedmeasures ANOVAs. Other analyses of the long-term 3-and 6-month data were descriptive ( proportion of eligible individuals electing to participate in the 6-month phase, number of uses of CES per month, change or stability of pain ratings before and after each session across time, problems encountered including side effects, and participant satisfaction with the device).
Results

Descriptive analyses
One hundred eleven eligible persons completed consent forms and were enrolled into the study. Enrollment stopped short of the planned 172 subjects because funding for the study ended before all of the planned subjects could be recruited. Of the subjects enrolled into the study, the record of group assignment was lost for 6 persons; thus those 6 persons were not included in any analyses. Characteristics of the remaining 105 participants (46 active, 59 sham) are displayed in Table 1 . There were no significant differences between the active and sham groups on any of the demographic or SCI characteristics.
Effect of CES on pain intensity during daily treatment sessions (primary hypothesis)
Blinded phase: Forty-one of the 46 persons assigned to the active group and 56 of the 59 persons assigned to the sham group completed at least some daily pain ratings (6-21 days, mean = 20.1) during the 3-week blinded phase. The active and sham groups did not differ significantly on average daily pain ratings before (means: active = 5.60 (SD = 1.78), sham = 5.41 (SD = 1.85), P > 0.60) or after (means: active = 5.00 (SD = 1.92), sham = 5.00 (SD = 1.93), P > 0.90) treatment. Daily pain ratings before and after each session for the active and sham groups are displayed in Fig. 1 . The amount of change in pain did not differ much from day to day within either group and there was no significant linear trend for either the before or after ratings across the 21 days for either group. However, based on the non-parametric Kruskal-Wallis test for the primary hypothesis, the active group had a significantly greater average decrease in pain from before to after the daily treatments compared to the sham group (mean rank: active 41.82, sham 54.26; chi-square = 4.70, P < 0.05). A lower rank indicates a greater decrease in pain because a decrease was indicated by a negative number. The paired t-test within the active group yielded a mean pain intensity decrease of 0.60 points on the 0-10 scale (SD = 0.83, t = 4.66, P < 0.001), yielding a Cohen's d effect size of 0.73, which is in the high-moderate range. 30 For the sham group, the mean decrease was 0.40 points (SD = 1.03, t = 2.94, P < 0.01), yielding a low-moderate effect size (d = 0.49).
Open-label phase: Forty persons initially assigned to the sham group provided at least some daily pain ratings (1-21 days, mean = 19.4) for the 3-week openlabel phase. The mean current setting selected was 419 (SD = 90, range 100-500). A paired t-test of the average before-session (mean = 5.34, SD = 1.84) and after-session (mean = 4.55, SD = 1.92) ratings yielded a significant reduction in pain (mean difference = 0.80, t = 4.11, P < 0.001, d = 0.42). Of these 40 persons, 23% reported an average decrease in pain intensity of at least 30% of the before-session rating compared with only 10% during the blinded phase.
Effect of CES on pain outcome measures during the 21-day trial
Blinded phase: Forty-five of the 46 persons assigned to the active group and 55 of the 59 persons assigned to the sham group completed the post-blinded phase questionnaires. Descriptive summaries of the data from the outcome measures for these 100 participants are displayed in Table 2 . The active and sham groups differed significantly at baseline on three of the pain outcome measures despite randomization -BPI Pain Only BPI Interference (F = 7.37, P < 0.01, d = 0.55), SF-36 Pain (F = 10.35, P < 0.01, d = 0.65), and Maladaptive Coping (F = 6.23, P < 0.05, d = 0.51) showed a significant main effect of group and only BPI Interference showed a significant group × time interaction effect (F = 8.50, P < 0.01, d = 0.59), with the active treatment group showing larger pre-to posttreatment decreases in pain interference than the sham group. Because the group × time interaction was significant for BPI Pain Interference, paired t-tests within each group were performed for this measure. Both the active (t = 6.02, P < 0.001, d = 0.73) and sham (t = 2.80, P < 0.01, d = 0.25) groups showed significant improvement in pain interference, but there was less improvement in the sham group.
Open-label phase: Of the 55 participants who were assigned to the sham group and who provided posttreatment questionnaire data in the blinded phase, 40 provided questionnaire data following a 3-week openlabel phase ( Table 2 ). Paired t-tests were performed to assess change in the pain outcome measures from preto post-treatment during the open-label phase. The only significant change among the eight pain measures was a significant reduction in BPI Pain Intensity (t = 2.08, P < 0.05, d = 0.17).
Effect of CES on health outcome measures during the 21-day trial
Blinded phase: Again in spite of randomization, the two groups were initially different on three of the five measures of health (Table 2) , including the SF-12 MCS (t = 2.44, P < 0.05), the CES-D-10 (t = 2.45, P < 0.05), and the SF-STAI-6 (t = 2.54, P < 0.05). In each case, the active group had 'poorer' scores (lower for SF-12 MCS and higher for CES-D-10 and SF-STAI-6). In repeated-measures ANOVAs, among the five pre-post measures of health, only the PSS-10 had a significant main effect of time (F = 8.60, P < 0.01, d = 0.22). Only the SF-12 MCS (F = 2.44 m P < 0.05, d = 0.44), the CES-D-10 (F = 2.45, P < 0.05, d = 0.44), and the SF-STAI-6 (F = 2.54, P < 0.05, d = 0.52) had a main effect of group. These overall group differences may be due to the initial group differences on these measures. There were no significant time × group interactions for any of the five health variables.
Open-label phase: There was no significant change in any of the five health measures during the open-label treatment.
Side effects
Comments regarding side effects were recorded by participants at each session. The number of people reporting various side effects during the blinded phase is shown in Table 3 . We report on the number of people who endorsed the side effects rather than number of 10-item center for epidemiologic studies depression scale (CES-D-10)* 13.4 ± 6.9 11.9 ± 6.9 10.2 ± 6.0 9.9 ± 6.0 9.8 ± 6. 
Long-term open-label phase
Effect of CES on pain intensity during treatment sessions: Eighty-six (82%) of the 105 participants were eligible for participation in the 6-month long-term open-label phase because they had completed a period of active CES, either initially in the blinded phase or in the 3-week open-label phase. Of those eligible, 39 persons (45%) provided at least some pre-post session data during the 6-month phase. Fifty percent of those eligible assigned to the active group provided session data during the long-term phase, compared to 27% of eligible persons initially assigned to the sham group. The number of days during the 6-month phase in which the device was used ranged from 5 to 186 (mean = 88.6, SD = 58.5) and the average current setting was 396 μA (SD = 14.58) out of a possible 500 μA. The number of participants reporting use in any given month ranged from 18 in month 6 to 38 in month 1. Within each of the 6 months, for persons reporting any use in a given month, the average number of days used was approximately 20 (range 1-31 days) or roughly two-thirds of the days in that month on average. For participants who used the device at least once during the 6 months, the total number of days the device was used was significantly inversely correlated to depressive symptomatology (CES-D-10, n = 38, r = −0.41, P < 0.05) and perceived stress (PSS-10, n = 38, r = −0.41, P < 0.05) as measured just prior to the long-term phase. Thus, participants with less depressive symptomatology and less perceived stress were likely to use the device more often than those with more depressive symptomatology and stress. Frequency of use was not significantly related to demographic characteristics or measures of pain, changes in pain, or health obtained either at study entry or at the beginning of the 6-month phase.
Change in pain during sessions: Thirty participants provided at least some session data in each of the first three months of the long-term phase. For these 30 persons, the average before-to after-session decrease in pain was relatively stable (1.37, 1.46, and 1.45 points, respectively, on a 0-10 scale). However, for the 13 persons who provided at least some session data for all 6 months of the long-term phase, the average session decrease declined over time (1.12, 1.14, 0.94, 0.79, 0.73, and 0.57 points on the 0-10 scale for the decreases in pain during the first through the sixth month of the long-term phase, respectively).
End of month 3 in the long-term open-label phase: Thirty-nine participants provided ratings on the BPI Average Pain Intensity item at the end of the third month of the long-term phase. For these 39 persons, average pain intensity decreased from baseline to the end of active CES, either initially or during the 3-week open-label phase, and this decrease was maintained during the first 3 months of the long-term phase (Fig. 2) . The main effect of time across the three time points was significant (F = 5.69, P < 0.01, d = 0.48). There was also a significant linear trend (F = 7.35, P < 0.01).
End of month 6 in the long-term open-label phase: For the 24 persons who also provided BPI data at the end of the sixth month of the long-term phase, the decrease in average pain intensity continued to be maintained (Fig. 2) . The main effect of time across the four data points was significant (F = 10.50, P < 0.001, d = 1.31) and there was also a significant linear trend (F = 27.59, P < 0.001).
Participant perceptions of CES: At 3 (n = 41) and 6 (n = 26) months during the 6-month long-term phase participants completed questionnaires regarding their perceptions of CES. At 3 months 56% and at 6 months 85% of the respondents who provided satisfaction ratings were somewhat or very satisfied with the device; assuming that the participants who did not provide ratings were not satisfied with the CES device, the overall rates of satisfaction (of all 105 participants) are 22 and 21%, respectively. At 3 months, among those who provided ratings and who were still using the device, 51% reported that the device relieved pain at least a moderate amount, 41% reported that it improved mental health, and 71% said they would continue to use the device if they could keep it (these percentages are 19, 15, and 26%, respectively, for the participants as a whole, assuming that those not providing ratings and/or not using the CES device at these times would not find it helpful for reducing pain or improving mental health). Similarly, at 6 months, 54% of the respondents reported at least moderate pain relief, 46% reported at least a moderate improvement in mental health, and 68% said they would continue to use the device if they could keep it (13, 11 , and 16% of all 105 participants, respectively). When asked what they liked best about the device, the most common response was that it was easy to use. When asked what they liked least about it, the most common responses were that it did not help the pain and it made the ears tingle or hurt.
Discussion
Chronic pain following SCI is a common problem that deeply affects the quality of life. CES is one of a number of non-pharmacological treatments that has a significant effect on pain in persons with SCI. In a pilot study of 38 veterans with neuropathic or musculoskeletal pain, participants receiving active CES had a significantly greater decrease in daily pain following CES exposure as compared to those persons receiving sham exposure. 19 Even though the decrease in pain in the active group of that study was relatively small, the effect size was medium to large (Cohen's d = 0.73).
As in the pilot study, in the present multi-site study, the group receiving active CES had a relatively small, but statistically significant, decrease in pain, on average, after daily sessions of CES. Although in the current study, the sham group also had a significant decrease in pain after the CES sessions, the decrease in pain for the active group was significantly greater than that for the sham group when comparing change using the non-parametric Kruskal-Wallace test. An openlabel trial for those originally in the sham group also found a small, but statistically significant, decrease in pain after daily sessions of CES further supporting the findings of the blinded trial. These significant effects were found despite the fact that the current study was underpowered to detect such effects, given the power analysis performed prior to the study's initiation.
The findings suggest that although CES treatment may have a small (but reliable) effect on pain intensity from before to after a session, it does not appear to have a longer-lasting effect on pain intensity from one day to the next. On the other hand, although pain interference with daily life decreased significantly over the 21-day trial in both groups, the active group reported a greater decrease in pain interference, suggesting the possibility that CES may have a beneficial impact on this domain. This is an important finding because reduction in pain interference (or improvement in daily functioning) is often regarded by many clinicians as being a more meaningful outcome than reduction in pain intensity.
Although the findings indicate that CES has a statistically significant effect on pain intensity, statistical significance is not equivalent to clinical significance. In the area of pain research, the commonly used criterion for clinical significance is a 30% or more reduction in pain. 31 In this study very few (<14%) participants in either group achieved this degree of pain reduction.
Recent reviews of the evidence for pharmacological intervention for SCI neuropathic pain 7,8 reveal a significant number of publications over the past 10 years suggesting efficacy for a variety of agents. The strongest evidence exists for the use of pregabalin, with roughly a 2-point average decrease in pain ratings on a scale of 0-10 compared to a half-point decrease for placebo. 9 Given that neither pregabalin, nor any of the other agents currently available can offer a complete elimination of pain, having a cadre of different methodologies is desirable, including CES, which could potentially complement each other and produce more manageable levels of pain.
While attrition was very high in this study by the end of the third and sixth months of the long-term phase (>55% and >70%, respectively) there was a decrease in pain intensity as a function of time reported by those participants still enrolled. The high attrition rate may account for the discrepancy between the significant reduction of average pain intensity across time for participants in the 3-and 6-month long-term assessments (Fig. 2) , and the lack of significant pre-post change in pain intensity for the total number of participants in the initial 21-day blinded or open-label phases. Those participants who did not experience pain reductions may have been more likely to terminate their participation prior to the assessments at the end of the third and sixth months of the long-term phase. Furthermore, the amount of electric current received was self-selected. On average, they received 396 μA out of a possible 500 μA during the long-term phase compared with a sub-sensation 100 μA during the blinded phase. Overall, compliance was strong for those remaining in the study with regard to the use of the device, with participants in any given month using the device approximately 2 out of every 3 days, on average, for the duration of the 6-month trial.
Consistent with the pilot study, there were no unexpected adverse events caused by CES treatment. The most common side effects in both the active and sham groups were a pulsing, tingling, stinging, itching, and/or a small electric feeling produced by the ear clips. The findings also indicated that among those eligible to participate in the long-term phase, roughly twice as many of those who had received active treatment (as compared to those who had received the sham treatment initially) chose to do so. Furthermore, those who completed the 3-and 6-month long-term assessments continued to show significantly more improvement in pain reduction across the 6-month period. Although the reason for the continued improvement remains unclear, the findings suggest the possibility that among a subgroup of individuals, the CES treatment could potentially have a long-term therapeutic impact. This possibility should be examined in future research. Some important limitations of this study should be noted. One limitation is the baseline differences between active and sham groups on several of the outcome measures, thus, making group differences in change scores difficult to interpret. In future studies, a stratification scheme for randomization to ensure similarity between treatment conditions at baseline would help to alleviate this problem. Another limitation of this study is the amount of attrition by the end of the 6-month phase. Less than 38% of the original study participants completed the 3-month assessments and less than 23% completed the 6-month assessments. This made it impossible to evaluate the long-term efficacy of the treatment for the individuals who withdrew. However, the results do indicate that some individuals will continue to use the device on an as-needed basis for at least 6 months, and that some improvement can be seen in pain intensity over time for those who do use it. It could be expected that those individuals who obtain some relief are more likely to continue a treatment if there are no unacceptable side effects. An additional limitation of the current study is that all of the outcome measures were obtained by self-report. The addition of some objective measures of outcome, such as a rating of function made by the person's health-care provider or a family member, would strengthen the findings.
Overall, the participants reported that they were satisfied with the device, specifically the ease of use, and many reported that they would be likely to continue to use the device if they had access to it. The primary complaint by some participants was that it was not actually reducing pain as much as they would have liked. However, for a subset of the participants, CES appeared to be at least somewhat effective, and there were minimal side effects. Future studies could include a 6-month trial in which participants are required to use CES everyday for 1 hour at a standardized current.
Conclusion
On average, CES appears to have provided a small but statistically significant improvement in pain intensity and pain interference with few troublesome side effects in a sample of individuals with SCI and chronic pain. However, there was variability in treatment response; some persons experienced no pain relief while others reported a great deal of relief. It is important to learn what personal and/or pain characteristics are predictive of the effectiveness of CES. Until that information is available, and since side effects are minimal, the findings indicate that a trial of CES for persons with SCI who have not yet found effective treatment for their neuropathic pain at or below the level of injury may be warranted.
